This report describes the development of novel wired chip devices for μ-HPLC analyses. The monolithic capillary column to be wired was prepared using a tri-functional epoxy monomer, tris(2,3-epoxypropyl)isocyanurate with a diamine, 4-[(4-aminocyclohexyl)methyl]cyclohexylamine. The prepared column was evaluated by SEM observation of the sectional structure of column and μ-HPLC. In addition, the reproducibility in the preparation of long capillary columns having nearly 1 m length was extensively examined for applications of novel wired chip devices. The authors demonstrated that the monolithic structure of the prepared long capillary could be finely controlled under the strictly maintained operational conditions and thus the relative standard deviation (RSD) of the column properties such as the number of theoretical plates, retention factor, and permeability could be well controlled to become less than 10%. Furthermore, the wired chip device column showed that its high performance was kept even after chip preparation.
Introduction
High performance liquid chromatography (HPLC) is one of the sophisticated and matured analytical techniques; it is widely used for medical chemistry, pharmaceutical sciences, synthetic chemistry, food analyses, and/or environmental studies. [1] [2] [3] [4] Among the variety of HPLC separation media, monolithic separation media [5] [6] [7] have recently been one of the best solutions for high throughput HPLC analyses due to their rather high permeability. [8] [9] [10] [11] [12] In addition, long capillary columns can be prepared and favorably utilized to realize ultra-high performance using ordinary LC systems. 13 We have recently reported a new type of polymer-based monolithic capillary column using thermo-setting of epoxy based monolithic media. 14, 15 Well-controlled co-continuous (monolithic) polymers were able to be prepared very easily with narrow pore size distributions and greater than 80% porosity. The detailed reaction mechanism will be reported elsewhere, but this polymer easily afforded a long capillary column. For example the column having a length of 1500 mm afforded greater than 200000 plates for separation of alkylbenzene in a reversed-phase mode with only 4 MPa column pressure drop.
Since monolithic media are usually prepared through phase separation phenomena, 16 the discussion about reproducibility in column preparation is unavoidable especially for long size columns. In our previous report, 15 although homogeneity along the length direction of the capillary was reported to be acceptable, morphology such as skeleton size as well as through pore size strongly depended on the preparation procedure due to highly spontaneous polymerization reactions. This is a quite interesting point of the epoxy-based polymer monolith, because by controlling polymerization processes, the same feed afforded different column characteristics. However, this is of course a double-bladed property of the epoxy-based polymer monolith.
In this report, we wish to examine the reproducibility of the epoxy-based capillary column for preparation of long columns. In addition, we wish to demonstrate a wired-capillary chip device. This is a unique and new format for the long monolithic capillary columns.
Experimental

Reagents and chemicals
The structures of the monomers utilized are illustrated in Fig. 1 . One of the monomers, a diamine: 4-[(4-aminocyclohexyl)-methyl]cyclohexylamine (BACM), was purchased from Tokyo Kasei Co. (Tokyo, Japan) and utilized as received, while a epoxy monomer: tris(2,3-epoxypropyl)isocyanurate (TEPIC) was kindly donated by Nissan Chemical Co. (Tokyo, Japan) and utilized without further purification.
Poly(ethylene glycol) MW 200 (PEG 200) was purchased from Nacalai Tesque (Kyoto, Japan) and was utilized as the porogenic solvent in this work. A surface modifying reagent for the inner wall of capillary, (3-aminopropyl)triethoxysilane was purchased from Nacalai Tesque and used as received, while fused silica capillary with 100 μm i.d. and 375 μm o.d. was purchased from Polymicro Technologies (Phoenix, AZ, USA). Ultra-pure water was supplied through a Milli-Q Gradient A-10, (Japan Millipore, Tokyo, Japan), while methanol, acetonitrile (AN), and tetrahydrofuran (THF) were purified by appropriate distillation techniques. All the alkylbenzenes utilized as solutes were commercially available and were used as received.
Apparatus
A constant-temperature oven DNE 400 (Yamato Co., Tokyo, Japan) was utilized as a polymerization reactor. The HPLC (sprit analysis) consisted of an LC-20AT chromatographic pump (Shimadzu, Kyoto, Japan), DGU 20A as an on-line degasifier, and a CE-2075 UV detector (Jasco, Tokyo, Japan) equipped with a Rheodyne 7725 injector (Rohnert Park, CA, USA). Direct flow analysis was also carried out in reversed phase mode as well as hydrophilic interaction mode with a micro HPLC apparatus based on a nano-flow syringe pump of 250 μl (DiNa S, KYA Technologies, Tokyo, Japan). This flow system was combined with an injector connected to a two position actuator control module, EHCA-CE (Valco Instruments. Co. Inc., Houston, TX, USA). The volume of the sample loop was 250 nl. The flow rate of the nano-pump can be varied from 1 to 100000 nl/min. The detection was off column, with a window defined adaptor connected to a capillary end by a PEEK union (Microtight Union, Upchurch Scientific, Oak Harbor, WA, USA). The adaptor for detection was prepared with a polyimide coated capillary of 100 mm × 50 μm i.d. with a window defined 90 mm from the inlet. The detector was JASCO CE2070 UV-Plus (JASCO Corp., Tokyo, Japan).
Each scanning electron micrograph was obtained using a Hitachi S-3000N (Hitachi, Tokyo, Japan).
Preparation of capillary column
The capillary was washed with 1 M NaOH aqueous solution and kept at 60˚C for 1 h, followed by washing with pure water. The capillary was then washed with 1 M HCl and kept at 60˚C for 1 h, followed by washing with pure water and acetone. After complete removal of acetone by air flow, THF and (3-aminopropyl)triethoxysilane (1:1 v/v) were flowed through the capillary and the system was kept at 80˚C for 24 h. After the reaction, the modified capillary was washed with ethanol repeatedly.
A 0.37-g portion of 4-[(4-aminocyclohexyl)methyl]-cyclohexylamine (BACM) and 1.60 g of (tris(2,3-epoxypropyl)isocyanurate (TEPIC) were completely dissolved in 7.00 g of polyethylene glycol MW 200 (PEG200). This polymerizing mixture was injected into the modified capillary by a syringe at room temperature as quickly as possible. The polymerization was carried out for 24 h at 65, 70, or 75˚C. The resulting capillary was washed with water and methanol to remove the porogenic solvent.
Results and Discussion
Polymerization temperature
Columns were prepared in situ at the temperatures of 65, 70, or 75˚C to determine appropriate polymerization temperature for the preparation of TEPIC based monolith in this work. As summarized in Table 1 , the permeability, K (K = uηL/ΔP) increased as the polymerization temperature became lower. As for the reason, the rate of the polymerization could be slow at lower polymerization temperature, which resulted in slow phase separation and cross-linking reaction. This situation will cause the coarsening of the monolithic domain size due to slow structural freezing through the cross-linking, while the phase separation proceeded further. Figure 2 shows that the domain structures of the monolithic capillaries became larger or coarsened as the polymerizing temperature was lowered. These phenomena strongly suggest that polymerization conditions including polymerization temperature as well as other processes should be strictly controlled to obtain really reproducible structures of the monolith.
Experiment on the column reproducibility
As presented in our previous report, 15 a capillary column having relatively long length will be one of the advantages of the new system. On the other hand, as mentioned above, polymerization conditions should be controlled more strictly for the preparation of long capillary columns. Therefore, long columns were prepared in situ using three different methods for the investigation of column reproducibility. The preparative formulas used are shown below.
Method IV means that the multiple preparations of 5 columns 20 cm long were cut from the original 1 m long column. This experiment will show the homogeneity of the structure of long capillary columns.
Method V is the preparation of individual 20 cm long columns from the multiple column batches. This experiment will show the basic efficiency of 20 cm long columns. Method V′ is basically a similar preparation method to method V, but with the strictly controlled operational time of the each preparative process from monomer mixing through the column polymerization via column filling.
According to Table 2 , RSD values in the same batch prepared by method IV were smaller than 10%, while, as to the columns prepared by method V, RSD values were 15% or even greater within the different batches. In contrast to the column prepared by method V, the column prepared by method V′ demonstrated good RSD values. These results could be ascribed to a rather large temperature difference between that in dissolution process of TEPIC in PEG (at 110˚C) and that of thermal initiation of polymerization for the column preparation (at 50˚C) may result in an unstable thermal balance of the polymerizing system, which significantly affects the mutually competing rates of the cross-linking reaction and phase separation. This could cause the monolithic column structure prepared by method V to become morphologically inconsistent due to being easily cooled, the rather small volume of the column having a 20-cm length.
SEM observation of the capillary section
Observations by scanning electron microscope revealed the structure shown in Fig. 3 . A narrow skeleton of ∼1 μm in diameter and relatively small through-pores of about 2 μm were observed. This is clearly more reproducible than the structures of the previously reported results. The boundary between monolithic polymer and the inner wall looked very smooth without any disconnection.
This means the surface modification of inner wall also worked well.
Chromatographic performance
As shown in Fig. 4 , the separation of alkylbenzenes on an effectively 90-cm long column was satisfactory, as seen from their sharpness of the eluted peaks. Therefore, as to the column preparation with well controlled polymerization and operation conditions, the theoretical plates for each peak was maintained large enough even under retentive conditions. According to Fig. 5 , the separation of nucleosides and nucleic acids was accomplished very well although some solutes can not be separated completely in this mobile phase. Figure 6 shows the relation of log k of the nucleic acids and nucleosides and the acetonitrile (AN) content from 60 to 90 vol%. According to Fig. 6 , log k becomes larger as the content of AN increases. This phenomenon indicates that the column retention property on this TEPIC based column is a HILIC (hydrophilic interaction chromatography) rather than showing hydrophobic characteristics. This is probably due to the rather hydrophilic property of TEPIC based polymer networks.
Next, utilizing a C18 particle packed column (Mightysil RP-18, 25.0 cm × 4.6 mm i.d., particle size 4.6 ± 0.3 μm) as a reference, we examined H-u plots of the prepared capillary columns were examined in AN/20 mM sodium phosphate buffer pH 7.0, 60/40 (v/v) as mobile phase using benzene as the standard solute. As shown in Fig. 7 , much smaller H values were obtained with the capillary column compared with those on the C18 column, on the TEPIC-BACM column, an H value smaller than 5 μm for benzene was measured. Then, the dependence of P (column pressure drop) on u (linear velocity) was examined as shown in Fig. 8 . The P values on the TEPIC-BACM column were much lower than those on the C18 packed column. The column permeability was calculated based on the following equation:
The separation impedance E was estimated based on the following Eq. (2) and was plotted against u:
E values of TEPIC-BACM based capillary were found to be extremely low, as shown in Fig. 9 . These low E values demonstrate that the column performance is 30 times higher than those on the C18 particle packed column.
Wired chip device column
An open capillary of 100 μm i.d. wound in a spiral was prepared as a model wired-chip device sandwiched between plastic films at Hitachi Chemical Co. Ltd. As shown in Fig. 10 , the open wired capillary was totally 95.0 cm long. The TEPIC-BACM mixture was filled in the open wired chip device column and was polymerized using the above-mentioned, strictly controlled polymerization method, the product was washed as usual.
Then, the filled wired chip device was chromatographically evaluated with AN/20 mM sodium phosphate buffer at pH 7.0 (60/40 v/v) as a mobile phase. The separation of alkylbenzenes was performed on the wired chip device column as shown in Fig. 11 . The number of theoretical plates, N, is also indicated in Fig. 11 . This novel wired-chip device column demonstrated a good separation of alkylbenzenes with the sharp elution peaks satisfactorily separated. Loss of N through wiring process was found to be negligibly small and, unexpectedly, wiring after preparation of the packed capillary was also available without loss of column efficiency even using silica-based capillary. 
Conclusions
The main results achieved in this investigation can be summarized as follows:
• The co-continuous structure of a monolithic capillary based on the epoxy-amine mixture (TEPIC-BACM) could be well controlled and ordered by the strict selection of the polymerization temperature and the operational time of the column preparation.
• The RSD value of the long monolithic capillary column properties could be decreased well under 10% by closely regulating the each relevant operational time of column preparation from monomer mixing to column polymerization; these processes demonstrate a good reproducibility.
• The prototyped wired chip device column utilizing the above long column based on TEPIC-BACM could demonstrate a high performance and its potential use for the application to a μ-analytical device was illustrated. Fig. 9 The relation between separation impedance E and linear velocity. Conditions are same as in Fig. 7 . . Theoretical plate from left to right, benzene, 143000; toluene, 142500; ethylbenzene, 140000; propylbenzene, 141300; butylbenzene, 133700; pentylbenzene, 121900; hexylbenzene, 122500.
